Purpose To report the real-world incidence and risk factors of stent thrombosis in the aortoiliac and femoropopliteal arteries in case of bare nitinol stent (BNS) or covered nitinol stent (CNS) placement from a single-centre retrospective audit. Materials and Methods Medical records of consecutive patients treated with peripheral stent placement for claudication or critical limb ischemia were audited for definite stent thrombosis defined as imaging confirmed stent thrombosis that presented as acute limb-threatening ischemia. Cases were stratified between aortoiliac and femoropopliteal anatomy. Cox regression analysis was employed to adjust for baseline clinical and procedural confounders and identify predictors of stent thrombosis and major limb loss. Results 256 patients (n = 277 limbs) were analysed over a 5-year period (2009)(2010)(2011)(2012)(2013)(2014) including 117 aortoiliac stents (34 CNS; 12.8 ± 5.0 cm and 83 BNS; 7.8 ± 4.0 cm) and 160 femoropopliteal ones (60 CNS; 21.1 ± 11.0 cm and 100 BNS; 17.5 ± 11.9 cm). Median follow-up was 1 year.
Introduction
Peripheral arterial disease (PAD) has a rapidly increasing incidence and the projected number of patients affected globally has increased from 164 million to 202 million between 2000 and 2010, demonstrating a nearly 25% over 10 years, while up to 3% of these patients are expected to develop critical limb ischemia (CLI), the final stage of PAD that is typically characterized by high risk of cardiovascular death and lower limb amputation [1] . Treatment options for symptomatic PAD include conservative medical therapy, open surgical and more often percutaneous, minimally invasive, peripheral endovascular procedures. The latter are recommended as first line revascularization strategy in most of the cases, constantly gaining ground compared to surgical therapies [2] [3] [4] . This could be mainly attributed both to the growing experience in challenging peripheral interventions and also to technological developments of safer and more efficient endovascular devices, such as low-profile nitinol stents [5, 6] .
According to a recent mixed treatment meta-analysis of level I evidence, use of bare metal, covered and drugeluting nitinol stents results in superior technical success and patency rates compared to traditional plain balloon angioplasty [7] . Although use of nitinol stents has been established in everyday clinical practice for the management of iliac or femoropopliteal arterial disease, peripheral stent re-occlusion remains a frequent phenomenon, leading to symptomatic recurrence and repeat interventions in the majority of the cases [8] . Still, very little is known about acute limb ischemia and major amputations following development of acute peripheral stent thrombosis [9, 10] .
Stent occlusion differs fundamentally from acute thrombosis both in mechanism and clinical presentation. While stent occlusion occurs following slow progressive in-stent restenosis because of neointimal hyperplasia, which allows for collateral formation, thrombosis is an acute phenomenon occurring immediately, soon after stent deployment (acute thrombosis), or even later (late or very late stent thrombosis) [11] . Depending on the timing and the available collateral network, stent re-occlusion because of restenosis may even go undetected, whereas stent thrombosis will usually present as limb threatening, acute limb ischemia (ALI) at high risk of amputation [10] . We sought to investigate the actual incidence, risk factors and clinical implications of the phenomenon of stent thrombosis in the aortoiliac and infrainguinal arteries in cases of covered nitinol stent (CNS) or bare nitinol stent (BNS) placement.
Materials and Methods
This was a single-centre, retrospective clinical audit which did not require Institutional review board ethics approval as per National Health Service Research and Ethics definitions (Institutional Review Board equivalent, http://www. nres.nhs.uk/). Patient archives from a high-volume tertiary teaching centre were audited for cases of stent thrombosis resulting in acute limb ischemia. The study searched the medical records of all patients treated with percutaneous bail-out, primary, or direct, bare nitinol metal or covered nitinol stent (stent-graft) deployment at the aortoiliac and/ or femoropopliteal arteries between January 2009 and December 2014 to allow for adequate follow-up to date. Hospital records were analysed in depth and patient baseline demographics, clinical presentation at baseline, procedural and lesion characteristics, any intra-procedural and post-procedural complications as well as follow-up visits and repeat procedures were recorded. Completion angiogram of the index procedure was used to evaluate infrapopliteal run-off vessels and a simplified 0-2 score was used for run-off quantification, as previously reported [12] . All stent placement procedures were performed or supervised by nine interventional radiology or vascular surgery consultants with a median of 5 years of experience in peripheral arterial interventions (range 3-20 years). Stent choice was based on operator's preference and governed by patient-specific clinical and anatomical criteria as part of real-world standards of endovascular care. At the time of implantation (2009-2014), there was little comparative evidence to support one type of stent over the other, but empirically, covered stents were usually chosen in cases of chronic total occlusions and lesions with predominantly thrombotic or heavily calcified elements in order to prevent against distal vessel embolization. Discharge medications and follow-up outpatient clinical appointments were also audited. A loading dose of Clopidogrel 300 mg was routinely given if the patient had not been on regular Clopidogrel prescription before, and dual antiplatelet therapy with Aspirin 75 mg and Clopidogrel 75 mg once daily was advised post-procedure for a duration of up to 6 months per local Trust policy. Colour-doppler ultrasound scans, medical notes relevant to the acute admission of recurrent ischemia and digital subtraction angiograms during subsequent attempts of transcatheter thrombolysis and/or other re-interventions were examined in detail to confirm stent thrombosis. Data analysis was performed by an interventional radiology fellow and an interventional radiology consultant (7 years of experience) in consensus.
Type of stent used during the index procedure depended solely on the operator's preference. CNS Tables 1 and 2 .
The primary outcome measure was the incidence of definite acute stent thrombosis. Similar to the ARC classification system of coronary stent thrombosis [13] , we defined definite peripheral stent thrombosis as imaging confirmed (Duplex ultrasonography and/or digital [14] . Secondary endpoints included comparison of major amputation rates between CNS and BNS and analysis of primary patency of the implanted stents. The latter was defined as uninterrupted patency of the stent demonstrated by duplex followup and/or clinical and hemodynamic criteria demonstrating maintenance of achieved improvement with no additional procedures performed on or at the margins of the stent [15] . Major amputations were defined as any limb loss extending above the ankle level. Cases were stratified between aortoiliac and femoropopliteal anatomy. We further looked for any correlation between thrombotic and/or major amputation events with baseline anatomical, clinical and procedural variables in order to identify independent predictors of leg amputations and stent thrombosis.
Statistical Analysis
Correlation of stent thrombosis and major amputation events with baseline anatomical and clinical variables was first performed within a univariate framework. 
Results

Patient Cohort
In total, 256 patients with 277 limbs were analysed with a median of 1 (IQR 1-2) overlapping stents placed in each segment per limb. In total, we evaluated 117 aortoiliac stented segments (34/117; 29.0% CNS and 83/117; 71.0% BNS) and 160 femoropopliteal stented segments (60/160; 37.5% CNS and 100/160; 62.5% BNS) ( Table 2 ). The BNS group included 14 limbs treated with the ZILVER-PTX drug-eluting stent. There were no cases of drug-coated balloon application in combination with CNS or BNS stent placement. The majority of the patients were treated due to chronic atherosclerotic disease (96%), while 11/277 cases (4.0%) involved a background of acute vessel occlusions (6/94; 6.4% with covered stents and 5/183; 2.7% with bare stents; p = 0.19). Median follow-up period available was 1 year (389 person-years analysed). Baseline comorbidities were more pronounced in the CNS cohort that included significantly older (73.9 ± 11.8 vs. 69.9 ± 11.0; p = 0.006), more hypertensive (62.6 vs. 43.6%; p = 0.0004), more hyperlipidemic (56.0 vs. 38.2%; p = 0.0006) and more CLI patients (67.0 vs. 41.0%; p = 0.0002). On the other hand, the BNS included significantly more smokers (64.2 vs. 40.6%; p = 0.0003). In addition, significantly more occlusions (72.3 vs. 47.0%; p = 0.0001), longer segments (18.1 ± 10.1 vs. 13.0 ± 10.4 cm; p \ 0.0001) and more cases of subintimal recanalization (59.6 vs. 43.7%, p = 0.006) were included in the CNS cohort. There were ten cases of vessel rupture which were treated with bail-out CNS (10/94; 10.6% vs. 0/183 in the BNS group; 0%; p = 0.0001).
There were no significant differences between the two cohorts with regard to antiplatelet therapy and run-off arteries on the completion angiogram of the index procedure (Table 2) . Single antiplatelet therapy with aspirin or Clopidorel was prescribed in 31.8% in the CNS group compared to 44.8% in the BNS arm (p = 0.20); dual antiplatelet was prescribed in 57.4% of the CNS cases versus 45.3% in the BNS arm (p = 0.06).
Peripheral Stent Thrombosis
Cumulative primary patency rate was 70.2% for CNS and 72% for BNS (p = 0.72), after a median follow-up period of 342 days (range 1-913) and 440 days (range 1-2493), respectively. Cumulatively, stent thrombosis was documented in 6.1% (17/277 limbs) after a median of 43 days (range 2-192 days) and was significantly higher in the CNS cohort (13/94; 13.8% vs. 4/183; 2.2% in the BNS group; p = 0.0003). In the BNS group, 1 stent thrombosis occurred in a ZILVER-PTX case. All stent thromboses involved the femoropopliteal segment with the exception of 1 aortoiliac CNS thrombosis (long common-external iliac occlusion). All stent thromboses occurred in patients with chronic peripheral occlusive disease and there was no recurrent thrombosis noted in the subgroup of acute vessel occlusions at baseline (17/266 vs. 0/11; p = 1.00).
Annualized event rate (per 100 person-years) of acute stent thrombosis was 12.5% in case of covered stents and 1.4% in case of bare nitinol ones (HR 6.3, 95% CI 2.4-17.9; p = 0.0002). The majority of the thirteen CNS thromboses were noted within the first month after the intervention, while no acute thrombotic events were noted after 6 months follow-up. On the contrary, all four BNS thromboses occurred within the first month post-deployment. Time-to-event analysis of all stent thrombosis in the aortoiliac and femoropopliteal arteries is shown in Figs. 1  and 2 , respectively. On multivariable Cox regression analysis, critical limb ischemia (HR 6.0, 95% CI 1.26-28.9; p = 0.02) and use of CNS (HR 3.4, 95% CI 1.02-11.2; p = 0.04) were found to be significant independent predictors of stent thrombosis (Table 3) .
Major Limb Amputations
Treatment mode of the thrombosed cases presenting with ALI and detailed event rates are presented in Table 4 . Most cases were addressed with catheter-directed thrombolysis or vein bypass surgery in case of contra-indication to receive thrombolysis (Table 3 ). All major amputations occurred in patient treated with femoropopliteal stent placement-there were no major amputations documented in the aortoiliac group. Within the setting of acute stent thrombosis and ALI presentation, four major amputations occurred within the first 2 months exclusively in the CNS cohort (4/94; 4.2% vs. 0/183; 0.0% in the BNS; p = 0.01). All four cases of BNS thrombosis were successfully treated (three percutaneous catheter-directed thrombolysis and one surgical vein bypass). Corresponding stent-thrombosis-related amputation rates were 3.9 and 0.0%, respectively. Cumulatively, more major amputations were noted following CNS placement compared to BNS use. Long-term annualized rates of lower limb loss (per 100 person-years) were 8.7 and 2.5%, respectively (HR 4.5, 95% CI 2.7-27.9; p = 0.0006). Time-to-event analysis of all major amputations in the aortoiliac and femoropopliteal arteries is shown in Figs. 3 and 4 , respectively. Multivariable Cox regression analysis showed that diabetes (HR 9.9, 95% CI 2.28-43.5; p = 0.002), critical limb ischemia (HR 10.5, 95% CI 1.80-61.3; p = 0.009), long stented segments (HR 15.1; 95% CI 2.0-114.1; p = 0.008), femoropopliteal anatomy (HR 22.4, 95% CI 1.00-518.7; p = 0.05) and CNS placement (HR: 7.3; 95% CI 1.41-38.0; p = 0.02) were independent predictors of major amputations (Table 5 ).
Discussion
Outcomes of this real-world, retrospective analysis suggest that stent thrombosis resulting in acute leg ischemia and potential limb loss occurs more often in the femoropopliteal segment and is significantly more frequent following covered nitinol stent (stent-graft) compared to bare nitinol stent. The herein cumulative stent thrombosis rate was 6.1%, which is in line with previously published data indicating that peripheral stent thrombosis is not a very rare phenomenon. In a similar setting, Vartanian et al. recently reported a nearly identical overall rate of 6.7% femoropopliteal stent thrombosis presenting with acute limb ischemia [10] . The authors also stratified their results according to type of stent, i.e., bare versus covered ones. According to the published subgroup analysis, there was no BNS thrombosis compared to nine thrombotic events resulting in ALI following CNS implantation (CNS 12 vs. 0% for bare stents; p \ 0.05) [10] . These results are very similar to the herein presented findings of cumulative 13.8% covered stent thrombosis versus 2.2% in case of bare nitinol ones. However, it must be stressed that the present results should be interpreted with caution as significantly longer, more complex lesions and significantly more CLI patients were included in the CNS arm. Still, multivariable analysis adjusted for confounders and actually identified stented lesion length as an independent predictor of major leg amputations, while CLI was correlated with both increased risk of stent thrombosis and major leg amputations. Notably, placement of covered stents was associated with an increased risk of both acute stent thrombosis (adjusted hazard ratio of 3.4 times) and future major amputations (adjusted hazard ratio of 7.3 times). The majority of our cases were prescribed on dual antiplatelet therapy (DAPT). However, we could not associate DAPT with a decreased risk of neither stent thrombosis nor major amputations, as previously reported in the literature [16] . Arguably, the Cox model may have limited power to detect any weak covariate relationships because of the relatively small number of event counts (17 stent thromboses and 16 major amputations, in total). In addition, we had no information available about the actual duration and patient compliance on DAPT. Dual antiplatelets and in particular patient responsiveness to Clopidogrel have been shown to significantly affect stent patency and long-term clinical outcomes and limb salvage [16] [17] [18] .
Other studies investigating the use of covered stents in the femoropopliteal arteries have reported even higher rates of stent thrombosis. In particular, Golchehr et al. reported a 23% stent thrombosis rate within a 10-year period in a retrospective analysis of patients treated with ePTFE stent grafts in the superficial femoral artery (SFA) [19] . Of interest, 4-year results from the randomized comparison of percutaneous ePTFE stent-graft deployment versus prosthetic femoral-popliteal bypass demonstrated a high 36% rate of covered nitinol stent thrombosis with a mean time to thrombosis of 11.3 ± 6 months (range 1 h to 24 months) [20] . In the present study, CNS thrombosis occurred mainly within the first 6 months with a median time to thrombosis of around 1 month and a half. Stent oversizing [20% has been incriminated for covered stent failure and is a key technical consideration with VIABAHN stent use [21] [22] [23] . In the present study, the distribution of CNS diameters suggested more conservative sizing in case of covered stent placement in our cohort.
Another important finding of the present study is the incidence of bare nitinol stent thrombosis, which was found to be 1.4 events per 100 person-years and affected again exclusively the femoropopliteal artery. Of interest, the recently published ZEPHYR registry of the ZILVER-PTX paclitaxel-eluting nitinol stents in the femoropopliteal segment reported a 2% definite stent thrombosis rate at 1 year [24] . In the present series, we had one case of acute ZILVER-PTX thrombosis as well. Our findings are also congruent with the recent report by the XL-Pad registry on the incidence of femoropopliteal stent thrombosis. According to the XL-PAD findings, the rate of stent thrombosis was similar between drug-eluting and baremetal stents (4.4 vs. 3.4%; p = 0.55), but significantly higher in the case of self-expanding covered stents as compared with bare-metal stents (10.6 vs. 3.4%; p = 0.02) [28] . To our knowledge, this is the first series reporting four individual cases of peripheral bare nitinol stent thrombosis resulting in limb-threatening acute ischemia. Notably, all four cases were successfully treated with either percutaneous catheter-directed thrombolysis or bypass surgery avoiding major amputation. On the contrary, nearly a third of the herein reported CNS thromboses (4 out of 13) resulted in major amputation compared to none from the bare nitinol group. This could be attributed to the fact that CNS thrombosis would be similar to surgical bypass thrombosis from a pathophysiological point of view. In the absence of adequate collateral arterial network to support foot perfusion, especially in cases of long infrainguinal covered stents, thrombosis may manifest as acute limbthreatening ischemia and urgent thrombolysis or bypass surgery may be the only effective means of treatment. Hence, ischemia following CNS thrombosis may develop clinically in a more abrupt and pronounced way putting the foot at risk of amputation, and its management may be technically more demanding, because of the PTFE excluding collateral networks especially in cases with poor foot run-off. Treatment of peripheral stent-graft thrombosis with transcatheter thrombolysis and/or mechanical thrombectomy has been reported in the literature with success rates ranging from 49 to 95%, while in cases of failed lysis/thrombectomy, surgical bypass has been a valid alternative in order to prevent imminent amputation but unfortunately not always successfully [19, 20] .
We have also identified critical limb ischemia as an independent predictor of stent thrombosis and not surprisingly limb loss as well. A possible explanation could be that the complexity of arterial disease in terms of lesion length, severe calcifications and increased platelet reactivity noted in CLI patients may have contributed to the increased risk of stent thrombosis [17] . Moreover, progressive atherosclerotic disease affecting the distal and/or proximal stent landing zone could be another factor contributing to stent thrombosis especially in cases of covered stents, while thrombogenic intramural hematomas following stenting of long arterial subintimal dissection could be another possible mechanism for early bare-metal stent thrombosis. Diabetes (HR 9.9; p = 0.002), critical leg ischemia (HR 10.5; p = 0.009) and long lesions (HR 15.1; p = 0.008) were also found to be highly significant predictors of major limb loss as previously reported in the literature [24] [25] [26] [27] .
Limitations of this study include its single-centre, retrospective design that would account for the heterogeneity noted in the baseline demographic and procedural variables between the two stent cohorts. There is also an inherent operator selection bias because of more covered stent use in long femoropopliteal occlusions treated with a subintimal technique. Moreover, although hospital files were thoroughly searched, some cases of stent thrombosis and/or ALI might have been overlooked or may have developed in a more clinically subtle fashion and have been considered as chronic stent re-occlusions. However, similar to the ARC classification system of coronary stent thrombosis [13] , we defined definite peripheral stent thrombosis as imaging confirmed stent thrombosis presenting with acute limb ischemia symptoms. The present study may also be underpowered in the aortoiliac vessels, considering the very low frequency of the phenomenon in that particular anatomy. Nonetheless, until today this is the largest series reporting the incidence and key risk factors of peripheral stent thrombosis adding valuable data about the potential clinical implications of early or late stent failure in the femoropopliteal segment.
In conclusion, peripheral artery stent thrombosis is an infrequent but truly serious phenomenon that may present with acute limb ischemia at risk of limb loss. Placement of long femoropopliteal covered nitinol stents is associated with an increased incidence of acute stent thrombosis and ensuing major amputation in particular. Risks are significantly lower in the aortoiliac vessels and with the use of bare nitinol stents. More studies are warranted considering the low frequency of the phenomenon.
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